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Abstract. Influences of the symmetric Stone-Wales (SW) defect on the electronic transport prop-
erties of the zigzag graphene nanoribbons (ZGNRs) have been studied using ab initio simulation
based on the density functional theory (DFT) combined with non-equilibrium Green’s function
(NEGF) technique. The calculated transmission spectra T (E) at various bias windows, device
densities of states (DDOS), current characteristics as well as local density of states (LDOS) of the
defective asymmetric and symmetric ZGNRs are presented in comparison with those for the pris-
tine ZGNRs. The metallic character of the electronic transport in both asymmetric and symmetric
ZGNRs has been established: the current has a semiconductor behavior, with negative differential
resistance (NDR) effect. Symmetric SW defect, as a most unfavorable SW defect type for elec-
tric conductance, remarkably reduces the current values, but does not change the character of
conductivity in both the asymmetric and symmetric ZGNRs. NDR has been explained by the SW
defect-induced alteration of the number of frontier molecular orbitals entering bias windows.
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I. INTRODUCTION
Discovery of graphene by Novoselov and Geim [1,2], as a two-dimentional sp2-hybridized
high crystalline material with electric conductivity controllable by adjusting narrow bandgap near
to Dirac point, has ignited an enormous interest of researchers. Opening bandgap graphene
nanoribbons (GNR) with zigzag or armchair edges are the most promising building material in
future nanoelectronic devices, for instance, in GNRFETs [3, 4]. A list of reasons, like the mod-
ulation of graphene or GNR properties at nanoscale by using the general method of doping or
chemical functionalization, as well as a choice of substrates where graphene is grown from, plus
the impossibility to work with absolutely defect-free material, can lead to variety of defects [5–7].
In comparison of the case for bulk crystals, the investigation of defects in two-dimentional crys-
talline materials has been less abundant for a long time until the large-scale graphene availability.
Among the reported defects the 5eV-high formation energy Stone-Wales (SW) defect trans-
forms four hexagons into two heptagons and two pentagons by rotating one C-C bond by 900, but
retains the same number of atoms like in perfect graphene, without dangling bonds [8]. Weaker
bonds around defects cause an increase of thermal conductivity, a worse durability and may dra-
matically alter electronic and quantum-transport properties of graphene/GNRs. Lahiri [6] showed
the possibility of using ribbons of graphene with defect as a metallic wire for interconnection or
element of device structure. Li et. al. in his systematic study [8–11] has indicated the different
character of electric transport in asymmetric and symmetric ZGNRs, where asymmetric ZGNRs
behave as a conventional conductor. Liu [12] has mentioned about negative differential resistance
(NDR) in zigzag graphene/graphene nanoribbon structures. Moreover, Ren [13] has emphasized
that SW defect influence is more obvious for symmetric ZGNR and there NDR can take place.
In this work, based on first-principles calculation, we have studied a particular SW defect
formation in order to highlight the influences on the electronic transport properties in ZGNRs in
the 0-1.8 V bias range, correspondingly referenced to the perfect ZGNRs of the same widthnesses.
The work is organized as the following: firstly there is a description about a single SW defect in the
relaxed defective ZGNRs, then transmission spectra T (E) and device density of state (DDOS) at
various bias values, local density of state (LDOS), 3-D contours of current from bias and electron
energy are compared between the defective and pristine ZGNRs for highlighting the difference of
quantum transport in these structures.
II. SIMULATION MODELS AND CALCULATION METHODS
The atomically resolved GNR reconstruction has been performed by using the density func-
tional theory (DFT) utilized in the first-principles computational package Atomistix toolkit (ATK).
We use the generalized gradient approximation (GGA) formulated by Perdew and Burke and Ernz-
erhof (PBE) [14] to describe the exchange and correlation. All geometries were converged until
the forces acting on all atoms are no less than 0.01 eV/A˚, and the calculations are performed at T
= 300 K. The Brillouin zone was deviced by 1× 1× 100 k-point mesh based on the Monkhorst-
Pack scheme [15]. The electrostatic potentials were determined on a real-space grid with a mesh
cutoff energy of 150 Ry and double-zeta-double-polarized basis sets of local numerical orbitals
were employed for all atoms. Van der Waals interactions were accounted for by using Grimme’s
DFTD2 empirical dispersion correction to the PBE [16].
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Fig. 1. Schematics of the reconstructed ZGNRs with SW defect: a) 55-7 SW N=3, b)
55-77 SW N=4, c) 55-77 SW N=5, d) 55-77 SW N=6.
Using the optimized structures, we constructed device geometries (see Fig. 1), which con-
sists of the left and the right regions and the central (scattering) region (i.e., a two probe con-
figuration). The electrodes are modeled as an electron gas with a fixed chemical potential. The
transmission is calculated along the z-direction. Quantum transport simulations are implemented
by using the non-equilibrium Green’s function (NEGF) technique. The morphological model is
built in such a way that the central region contains an optimized nanostructure with the SW defect,
which is surrounded by two electrodes consisting of one unit cell on each side. In the quantum
transport simulation, the transmission spectra, T (E), as a function of electron energy, E, and the
I–V characteristics are calculated by the Laudauer-Bu¨ttiker formula.
The transmission function at energy E and bias Vb is calculated through the Landauer for-
mula [17].
T (E,Vb) = Tr[ΓL(E,Vb)G(E,Vb)ΓR(E,Vb)G†(E,Vb)], (1)
where G† and G represent the retarded and advanced Green functions of the scattering region,
respectively. ΓL/R are the coupling functions from the left and right leads, respectively.
The current is calculated by integrating the transmission function over the energy bias win-






T (E,Vb) [ f (E−µL)− f (E−µR)]dE, (2)
where f (E − µL/R) are the Fermi distribution functions of the electrons in the leads; µL = E f +
eVb/2 and µR = E f − eVb/2 are the electrochemical potentials of the left and right leads, with EF
is the Fermi energy at zero bias.
The equilibrium density matrix is evaluated by a contour integration method. The real space
grid techniques are used with the energy cutoff of 150 Ry as convergence criteria. The k-point sam-
pling based on the Monkhorst-Pack scheme is 1×1×100 along the x, y, and z axes, respectively,
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where the z is the electronic transport direction. In addition, the results of the electronic transport
properties of the pristine configuration are also shown for comparison.
III. RESULTS AND DISCUSSION
In our simulation, the relaxed ZGNR structures with the SW defects are analyzed, where the
number of letters 5 and 7 indicates the numbers of pentagons and heptagons, correspondingly. In
this context, Fig. 1 presents the optimized structures of the systems with a SW defects surrounding
by the hexagons with graphene sites in the middle of the scattering regions. In details, the relaxed
atomic geometries of SW defects are shown in Fig. 2. For the 55-7 SW N=3 defect (Fig. 2a),
the bond angle in the pentagon, adjacent to the heptagon, is reduced from 1200 to 112.80, and
correspondingly the bond angle in the heptagon of the asymmetric SW defect is increased to
138,220. The first is increasing in range of 114.240 - 115.90 along with N=4, 5, 6 (Figs. 2 (b), (c)
and (d), while the second increases to 140.270. The conjunction C-C bond of the two pentagons
shrinks to 1.35 A˚ for N=3 and stabilized at 1.34 A˚ for the rest cases of N. The width of SW
defects along the length axis direction is shrinking from 4.92 A˚ to 5.61; 5.54; 5.53 and 5.51 A˚, or
on 14.02; 12.60; 12.40 and 12.0 percent, correspondingly, in comparison with the pristine ZGNRs
with N=3, 4, 5, 6. No distinct change is found for the length of H-C bond at the edge and the
length bond is 1.08 A˚. The calculated data is consistent with other works [19, 20]. Therefore, the
effect of symmetric SW defects on the geometry modification is limited to the defects area and
this configuration still keeps the mirror reflections with respect to their axis.
Fig. 2. Top view of SW defect in the reconstructed ZGNR nanostructures of the (a) 55-7
SW N=3; (b) 55-77 SW N=4; (c) 55-77 SW N=5; and (d) 55-77 SW N=6. The C-C bond
length in A˚ , and the angles in degree.
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The 55-7 SW N=3 and 5 defects
In order to investigate the passivation effects on transport of ZGNR, in Figs. 3a and 3c, we
compare the transmission spectra T (E) at zero voltage of the defective 55-7 SW N=3 and 5 with
the pristine ZGNR devices. The intensity of T (E) for 55-77 N=3 case decreases significantly in
most of energy levels. It becomes smaller at the Fermi level and drops sharply with decreasing
electron energy away from the Fermi energy, that gives the first transmission plateau lowered to
nearly zero in the range (-1.6 eV, -2.2eV), indicating the metal-semiconductor transition. More
importantly, strong electron backscattering, induced by the coupling between all the states, is
expanded then leads to full suppression of the conduction channel at particular resonance energies.
Accordingly, a smooth conductance valley around 1.89 eV, corresponding to the complete electron
backscattering, is observed. When a Stone-Wales defect in the ZGNR with N=5, the transmission
spectrum changes a lot, and one can find that the transmission steps are destroyed, instead one
transmission disappears at 1.33 eV energy sites. The transmission peak at 0 eV has increased from
one to two, indicating that the Stone-Wales defects effectively change transport properties of the
defective ZGNR N=5 device.
Figs. 3b and 3d compare the DDOS profiles for 55-7 SW N=3 and 5 (short dash dot curves)
with that of a similar system with no defect (solid curves). As depicted in these figures, each the
DDOS profile also exhibits a peak about the corresponding Fermi level. These peaks correspond
to the mentioned peaks observed in Figs. 3a and 3c. Comparing T (E) with DDOS, it can be seen
that two more peaks appear in the 55-77 SW N=5 T (E), corresponding to the energies of - 0.28
eV and 1.33 eV. More interesting is that the transmission dips of 55-77 SW N=5 appear just right
in the energies of - 0.28 eV and 1.33 eV, which is the same as that of the two more DDOS peaks
that appear.
The current-voltage characteristics (short dash dot curvess) of 55-7 SW N=3 and 5 systems
with that (solid curvess) of the systems, whose central scattering region contains no defects, have
been shown in Figs. 4a and 4b. As observed from these figures, I-V characteristics are almost
linear for pristine ZGNR N=3, 5 cases proving that ZGNR N = 3, 5 are metal and I-V curves are
consistent with Ohm’s law in the range of 0-2.0V. In fact, all asymmetric ZGNRs (namely, N is an
odd number) have linear I-V curves with the same slope regardless of the ribbon width. For the
55-7 SW N=3 and 5 cases, current has more complicated behavior, firstly the current is increasing
in the bias range of 0 to 0.2 V, then shrinks at 0.2 V - 0.6 V range and rises in the range of 0.6 V -
1.8 V, before being a conductor again from 1.8 V bias point.
For a better and intuitive understanding of the I-V characteristics, we study the transmission
spectra as functions of the applied bias voltage and electron energy in Fig. 5. As described, the cur-
rent I(Vb) can be calculated by the Landauer formula which is the integration of the transmission
coefficient in the bias window. The two black solid lines in each panel indicate the transport win-
dow in which the transmission contributes to the currents. Though the transmission coefficients
near the Fermi level decrease at higher bias, the broadened bias window includes more transmis-
sion coefficients. This compensates for the loss of electron transport near the Fermi level. There
are obvious peaks in transmission spectra at EF under zero bias for both ZGNR N=3 and 55-7
SW N=3 devices. For ZGNR N=3, the intensity of T (E) is nearly constant until to 0.2 from 2.0
V, which reflects the linear growth of current in Fig. 4. For 55-7 SW N=3 case, the transmission
does not decrease until the bias is higher than 0.2 V so it is reflected in the rise of the current in the
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Fig. 3. Transmission spectrum T (E) (a, c) and Device density of states (DDOS) (b, d) as
functions of electron energy at zero bias voltage for ZGNR (solid curves) and 55-7 SW
defected (short dash dot curves) devices. Graphics are shown for devices: a), b) for N=3,
and c), d) for N=5.
first bias range from 0 to 0.2 V in Fig. 4. The transmission coefficients keep fast decreasing in the
bias region (0.20 V-0.80 V) and then rises again, therefore, we have the same current behavior for
these bias ranges. There is an obvious fluctuation with two peaks and two valleys along 55-77 SW
N=5, while current increases linearly in the range of (0.6 V, 1.2 V). Since 55-7 SW N=3 and 55-77
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SW N=5 defect transmission is always weaker than pristine ZGNR N=3 and 5 transmissions in the
bias window after, so the SW defect currents through the systems are much smaller than pristine
ZGNR currents.
Fig. 4. Calculated I-V curves for the structures: a) ZGNR N=3 (solid curves) and 55-7
SW N=3 (short dash dot curves); b) ZGNR N=5 (solid curves) and 55-7 SW N=5 (short
dash dot curves).
For the transmission spectrum of ZGNR N=3, 55-7 SW N=3 and ZGNR N=5, 55-77 SW
N=5 cases at increasing bias (see Figs. 6a-6d) from zero to 1.8 V. The value of T (E) for ZGNR
N=3 and 5 devices remain unchanged at Fermi energy, while for the transmission spectrum of
ZGNR N=5, there are perfect transmission steps. One more interesting thing is that there exists
unitized transmission flats around the Fermi level instead of the Fermi peak of ZGNR, which
indicates the ballistic transport. However, the electronic transmissions are small within the bias
window under low bias in 55-7 SW N=3 and 55-77 SW N=5 devices, corresponding to the small
currents. As the bias is increased up to about 1.2 V, obvious transmission peaks begin to enter the
bias window, that is, some transmission channels begin to contribute to the current.
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Fig. 5. Contours of the bias-dependent transmission T (E,Vb) of the structures: (a) ZGNR
N=3; (b) 55-7 SW N=3; c) ZGNR N=5 and d) 55-77 SW N=5.
We have studied the local density of states (LDOS) of the devices at the Fermi level under
zero bias voltage. The LDOS of GNR N=3 device (Fig. 7a) is mainly located at C atoms on the two
edges of ribbon, thus the transmission platform appears in Fig. 3a and the electric transport has a
metallic character. For 55-7 SW N=3 device, LDOS becomes smaller at the edge of the defect than
that at the other sites (see Fig. 7b). Moreover, LDOS is not uniformly located at C atoms on two
edges of ribbon, thus explains the transmission decrease appearing in Fig. 3b. Comparing Fig. 7d
(for 55-77 SW N=5) and Fig. 7c (for ZGNR N=5), it has been clear that the DOS is nonlocal
along the up edge of the device, but is suppressed at the defect along the down edge, thus the
corresponding transmission peak decreases compared with that of the pristine ZGNR N=5 device.
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Fig. 6. Transmission spectra of the ZGNR N=3 and 55-7 SW N=3 (a), ZGNR N=5 and
55-77 SW N=5 (b) devices at different bias voltages (4V = 0.0V, 0.6V, 1.2V and 1.8V).
The vertical dashed lines represent the bias windows.
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Fig. 7. Spatial distribution of LDOS at zero bias for the: a) ZGNR N=3; b) 55-7 SW
N=3, c) ZGNR N=5 and d) 55-77 SW N=5.
The 55-77 SW N=4 and 6 defects
We present the transmission spectra T (E) and device density of states (DDOS) at zero
voltage for the cases N=4 (Figs. 8a,b) and 6 (Figs. 8c,d), i.e. for the ones of the symmetrical SW
defects. In Fig. 8a and 8c the zero bias transmission spectra, T (E) (solid curves), as a function of
the electronic energy in the defect-free ZGNRs, exhibit a sequence of steps of integer transmission
and an enhanced transmission at the Fermi level, which are typical for graphene nanoribbons. In
the case of 55-77 SW N=4 and 6 defective ZGNRs (short dash dot curvess in Figs. 8a and 8c), the
conductance peak, as a result of the four H atom shrinking [21], in the vicinity of charge neutrality
point (CNP), is decreased approximately a half. When a SW defect on the ZGNR, the transmission
spectrum changes a lot, and one can find that the transmission steps are destroyed, instead, so the
transmission dips appear. The conductance with symmetric defects remarkably decreases below
the CNP, manifesting monotonous reduction of conductance with increasing electron energy. A
complete electron backscattering arising from the SW defect induced quasibound states is located
approximately at 1.68 eV for case of N=4 and nearly at 1.12V for N=6. In addition, in the SW
defect configuration, symmetrical effects yield a remarkable conductance decrease characterized
by a long tail below the CNP, and eventually the lowest conductance occurring at -2.24 eV (N=4)
or -1.72V (N=6), suggesting the electronic transport is almost fully suppressed. The striking
device density of states peaks in Fig. 8b of the 55-77 SW N=4 defect induced by the edge states
are remarkably decreased compared to ZGNR N=4. It can be seen that one small peak appears
in the 55-77 SW N=6 DDOS, corresponding to the energies of 0.12 eV. The transmission dips of
55-77 SW N=6 appear just right in the energies of 1.12 eV, which is the same as that of the one
DDOS states peak that appear. As a consequence, the conductance of 55-77 SW N=4 and 6 defect
configurations are decreased substantially in the vicinity of CNP, and such a decrease indicates
that SW defect site significantly lowers the edge state.
The transmission spectrum of ZGNR N=4 and 55-77 SW N=4 (see Fig. 9a), as well as of
ZGNR N=6 and 55-77 SW N=6 (Fig. 9b) have been presented for the increasing bias from 0V
to 1.8V. Numerical results show that for pristine ZGNR N=4 T (E) almost remains unchanged by
NGUYEN THANH TIEN, BUI THAI HOC, NGUYEN VAN UT AND LE TUAN 211
Fig. 8. Transmission spectrum T (E) (a,c) and Device density of states (DDOS) (b, d) as
functions of electron energy at zero bias voltage for the ZGNR (solid curves) and 55-7
SW defected (short dash dot curves) devices. Graphics are shown for the devices: a), b)
for N=4, and c), d) for N=6.
the increasing of bias voltage. While 55-77 SW N=4 defect case the width of transmission flat
around the Fermi level increases when the bias increases until 2.0 V, whereas the intensity remains
nearly unaffected. Dealing with the ZGNR N=6 and 55-77 SW N=6 defective devices, there are
transmission coefficients in bias windows, resulting in the current increase rapidly with the applied
bias voltage at lower bias region. For 55-77 SW N=6 defect case, there is a smaller transmission
coefficient in low bias window, so the current is smaller than ZGNR N = 6 pristine. The energy
gap appears and becomes more widened with increasing bias in ZGNRs, which contributes to the
212 TUNING ELECTRONIC TRANSPORT PROPERTIES OF ZIGZAG GRAPHENE NANORIBBONS ...
transformation from half-metallicity to semiconductor. As seen from Fig. 9 for both the widtnesses
N=4 and 6, except the effect of shrinking four H atoms at zero bias, the transmission coefficients
for the SW defective ZGNRs, as well as for the pristine ones, critically fall down, that explains the
very small current values.
Fig. 9. Transmission spectrum of the ZGNR N=4 and 55-77 SW N=4 (a), ZGNR N=6
and 55-77 SW N=6 (b) devices at different bias voltages. The vertical dashed lines repre-
sent the bias windows.
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For the case of symmetric ZGNRs, the study of the transmission spectra as a function of the
applied bias voltage and electron energy has been performed. Similar to that shown in [13], for
the cases of asymmetric ZGNRs (see Fig. 4 and 5) there are fairly big transmission coefficients,
leading to an increase in current. However, for the symmetric ZGNRs with and without SW single
defect presented in Fig. 10, there is the fact that transmission coefficients with a narrow energy
range within bias windows, causing a smaller current in comparison of the one for asymmetric
ZGNRs. For the transmission spectrum of ZGNR N=6 device, there are perfect transmission
steps. When a SW defect on the ZGNR, the transmission spectrum changes a lot, and one can find
that the transmission steps are destroyed, instead one transmission dips appear at 1.12 eV energy
sites, respectively.
Fig. 10. Contour of the bias-dependent transmission T(E,Vb) of the structures: a) ZGNR
N=4, b) 55-7 SW N=4, c) ZGNR N=6 and d) 55-7 SW N=6.
We next turn to study the current-voltage ( I-V ) curves as a function of bias (see Fig. 11).
The current values of 55-77 SW N=4 device are dramatically small in comparison with those of
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ZGNR N=4 one (Fig. 11a). There is an obvious fluctuation with four peaks and three valleys
along ZGNR N=4 and 55-77 SW N=4 defects. The current is increased in (0-0.4V), (0.8V-1.0V),
(1.2V-1.4V) and holds out the peaks at 1.0V and 1.4V. When the bias is larger than 1V and 1.4V,
the current depressions are observed in ranges (1.0V-1.2V) and (1.4V-1.6V), indicating an obvious
NDR behavior. For the pristine ZGNR N=6, the current is close to zero under finite bias and begins
to increase when the bias is stronger than a threshold bias voltage. Comparing the I-V curves of
55-77 SW N=6 device with its counterpart (Fig. 11b), it can be established the occurrence of
NDR and the current of ZGNR N=6 is larger. Therefore, both of the pristine and SW-defective
symmetric ZGNRs are semiconductor [22] and possess a dual functionality, which is important to
further improve the level of integration of future atomic-scale circuits.
Fig. 11. Calculated I-V curves for the structures: a) ZGNR N=4 and 55-77 SW N=4; b)
ZGNR N=6 and 55-77 SW N=6.
In order to further enlighten the semiconductor behavior of the symmetric ZGNRs’ quan-
tum transport, we have calculated the corresponding LDOS, as shown in Fig. 12. For the pristine
ZGNR structures, it can be seen that the density of states is almost localized at the C atoms on the
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edges of asymmetric ZGNR (see Fig. 7c for ZGNR N=5), whereas LDOS distribution is delocal-
ized in the whole scattering regions for ZGNRs with N=4 and 6 (see Figs. 12a and 12c). The level
of the delocalization decreases with the width of symmetric ZGNRs. It has been attributed [21]
that these distinct transport behaviors in asymmetric and symmetric ZGNRs to the different cou-
pling between the conducting subbands influenced by the wave function modification around the
CNP. The presence of the only SW defect in the scattering region remarkably enhances the LDOS
delocalization overall C chains in the scattering region in Figs. 12b and 12d, that explains the obvi-
ous decreasement of currents in the defective devices referred to those in the pristine counterparts.
However, since the single SW defect occurrence here enforces only backscattering events, but can
not cause a qualitative change of the relative LDOS redistribution picture between the edges and
the scattering region in the devices, so the current-voltage curve for the defective ZGNR follows
the semiconductor behavior of that with NDR for the pristine counterpart.
The dips of current in Fig. 11 can be caused by strong electron backscattering induced
by the coupling between all states are expanded to lead to full suppression of the conduction
channel at particular resonance energies [21]. More details, the origin of rises and NDR in the I-V
characteristics is eplained by the changing numbers of the frontier molecular orbitals, entering to
the bias windows [12, 13]. If the orbital is delocalized across the molecule, an electron that enters
the molecule at the energy of the orbital has a high probability of going through the molecule. For
pristine symmetric ZGNRs the current increases even at very small bias, some molecular orbitals,
such as highest occupied molecular orbital (HOMO), first lowest unoccupied molecular orbitals
(LUMO), etc., can be localized in bias windows. The occurrence of SW defect into ZGNR leads
to a separation between spin-up and spin-down molecular orbitals, so it may alter the number of
molecular orbitals entering in bias windows or outgoing from there.
Fig. 12. Spatial distribution of LDOS for the a) ZGNR N=4, b) 55-77 SW N=4, c) ZGNR
N=6, and d) 55-77 SW N=6 structures, respectively, corresponding to the energy windows
bias zero.
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IV. CONCLUSIONS
In summary, we have studied the formation of SW defect in ZGNRs with various widthness
and the defect influences on electronic transport properties of both the asymmetric and symmet-
ric ZGNRs, using the non-equilibrium Green’s function (NEGF) technique, combined with the
density functional theory.Our results confirm the metallicity in the conductance of the asymmetric
ZGNRs, meanwhile for the symmetric ZGNRs the behavior of electronic transport is more com-
plex - the I-V curves obey a semiconductor character, with NDR. The SW defect situating in both
types (asymmetric/symmetric) of the ZGNRs significantly depresses the currents passing through
C chains in the scattering regions, but does not change the character of their electronic transport.
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